RESEARCH

S oybean [Glycine max (L.) Merr.] yields in the United
States have improved at a rate of 23.4 kg ha −1 yr −1 since national yield data were first reported in 1924 (USDA-NASS, 2011). The persistence of this annual on-farm yield gain has been attributed to continued cultivar improvement via plant breeding and the periodic adoption of improved agronomic practices by U.S. producers (Specht and Williams, 1984) . The contribution of genetic yield gain toward overall yield improvement in soybean has been well documented. However, the relative contribution of individual agronomic advancements remains unclear. Specht et al. (1999) summarized a number of previous genetic gain studies, and based on these studies, reported that the average annual increase in soybean yield due to genetic improvements ranged from 10 to 30 kg ha −1 yr −1 (Boerma, 1979; Luedders, 1977; Specht and Williams, 1984; Voldeng et al., 1997; Wilcox et al., 1979) . Even with such a wide range, the relative contribution of genetic improvement in the United States (Maturity Group [MG] IV or earlier) was estimated by Specht and Williams (1984) Merr.] production; however, the impacts of past and ongoing agronomic improvements, such as earlier planting, on genetic yield improvement and associated changes in seed protein and oil have not been evaluated. The objectives of this study were to determine if a 30-d difference in planting date affected measured rates of genetic improvement in (i) yield, (ii) seed mass, and (iii) seed protein and oil in the midwestern United States. research was conducted at Arlington, WI, Urbana, IL, and Lafayette, IN, during 2010 and 2011, using 59 Maturity Group (MG) II cultivars (released 1928-2008) at Wisconsin, and 57 MG III cultivars (released 1923-2007) at Illinois and Indiana, with targeted planting dates of 1 May and 1 June. Earlier planting provided higher yields (+3.1 kg ha −1 yr −1 ) than late planting in MG III soybean. Seed protein concentration decreased linearly over cultivar year of release at a rate of 0.191 (± 0.069) g kg −1 yr −1 for MG II, and 0.242 (± 0.063) g kg −1 yr −1 for MG III. Seed oil concentration increased over year of release at a rate of 0.142 (± 0.037) g kg −1 yr −1 for MG II, and 0.127 (± 0.039) g kg −1 yr −1 for MG III. The interaction between planting date and cultivar year of release for MG III yield suggested that the trend toward earlier planting is one agronomic improvement that, when coupled with genetic improvement, has provided a synergistic increase in on-farm soybean yields in the midwestern United States.
About half of yield gain in soybean can be attributed to genetic improvement. The remaining half is hypothesized to be the result of improved agronomic practices and the potentially synergistic interaction of advances in both agronomics and genetics. Researchers have speculated that a number of changes in agronomic practices have contributed to soybean yield improvement. These include: (i) earlier planting dates (Heatherly and Elmore, 2004; Johnson, 1987; Specht et al., 1999) , (ii) narrower row spacing (Heatherly and Elmore, 2004; Specht et al., 1999; Voldeng et al., 1997) , (iii) higher seeding rates (Voldeng et al., 1997) , (iv) improved weed control and herbicide use (Luedders, 1977; Specht et al., 1999; Voldeng et al., 1997) , and (v) reduced harvest losses (Specht et al., 1999) . Arguably, the most important and cost-free cultural management decision that a grower can make to maximize grain yield is to sow soybean at a calendar date appropriate for the latitude of production (Cartter and Hartwig, 1963; Robinson et al., 2009) . Optimum planting date in the northern United States ranges from early to mid-May (Heatherly and Elmore, 2004) . Recent literature suggests that planting in late April can help maximize yields in the Midwest, although seeding soybean before then is not recommended because of increased risk of seedling exposure to frost and no documented yield advantage when compared to late-April and early-May plantings (De Bruin and Pedersen, 2008a; Robinson et al., 2009) . Planting dates in the midwestern United States have consistently trended toward earlier calendar dates (USDA-NASS, 2011). However, further research is needed to determine the potential contribution of planting date to soybean yield enhancement, given that yields are also rising due to genetic improvement.
In most circumstances, soybean yield declines steadily when planting is delayed after mid-May. In Iowa, yield loss resulting from delayed planting averaged 130 kg ha ) in 2004 as planting date was delayed from early May to mid-June (Bastidas et al., 2008) . Delayed planting results in decreased plant height (Bastidas et al., 2008; Wilcox and Frankenberger, 1987) , decreased pods plant −1 (Anderson and Vasilas, 1985; Elmore, 1990) , decreased pods m −2 (Pedersen and Lauer, 2004; Robinson et al., 2009) , and decreased seeds per unit area (Pedersen and Lauer, 2004) , all leading to lower yields. Delayed planting also influences seed protein and oil, frequently resulting in increased seed protein concentration and decreased seed oil concentration (Kane et al., 1997; Pendleton and Hartwig, 1973; Robinson et al., 2009) . Lower protein and higher oil concentrations were also associated with more recently released soybean cultivars when compared to older cultivars (Wilcox et al., 1979) , although this preliminary observation has yet to be documented with a comprehensive group of cultivars representing a wide range of release years. Seed mass has been shown to decrease (Anderson and Vasilas, 1985; Elmore, 1990) , increase (Bastidas et al., 2008) , or not change (Pedersen and Lauer, 2004; Wilcox and Frankenberger, 1987 ) over a range of planting dates. Further research efforts with a greater number of cultivars might help resolve the impact of planting date on seed mass.
Clearly, genetic gain has played an important role in soybean yield improvement over time, but the genetic improvement made by breeders does not account for all of the on-farm improvement in yield to date. Understanding the role of agronomic advancements in past soybean yield gain is key to determining past sources of yield gain, and will ensure that yield improvements will continue to occur in the future. Furthermore, synergistic interactions between agronomic improvements and genetic gain are also assumed to have played a role in past soybean yield gain, and the contribution of these interactions must be discerned and verified. The shift toward earlier planting is just one of many agronomic practices that has changed over time and may be a contributing factor to the yield improvement realized by U.S. soybean growers. The comprehensive study described in this paper, utilizing over 115 public and proprietary cultivars in two maturity groups, was aimed at examining the interaction between planting date and the measured rate of genetic improvement over time. This rich set of soybean cultivars, released over eight decades, provided a unique opportunity to study the impact of early and late planting on the derived estimates of genetic yield improvement. We hypothesized that earlier soybean planting provided a production system environment more favorable for the expression of genetic yield potential in newer cultivars. If so, then the estimated rate of genetic yield gain would be expected to be greater with earlier planting than with later planting (i.e., a synergistic interaction). It is expected that seed mass and seed protein and oil have also been influenced by earlier planting dates and have changed over time as a result of both breeding efforts and earlier planting. To understand the effects of earlier planting on soybean yield gain, seed mass, and seed protein and oil over time in MG II and MG III cultivars in the north-central United States, the objectives of our study were twofold: (i) to compare overall yield, yield response to, and measured rates of yield gain over time among previously released soybean cultivars between two planting dates, 1 May and 1 June; and (ii) to compare changes in soybean mass and seed protein and oil among previously released soybean cultivars at two planting dates, 1 May and 1 June.
MG III cultivars was increased at the University of Illinois at Urbana-Champaign (Urbana, IL). To provide an estimate of experimental error, 13 MG II cultivars and 15 MG III cultivars were replicated twice within each planting date, for a total of 72 plots per planting date treatment in each maturity group. A limited number of cultivars were chosen for replication due to limited seed supply and field space constraints. Replicated cultivars within each maturity group were evenly distributed across years of release. The experiment was replicated by environment, defined as location within year, for each maturity group.
Plots were mechanically seeded in four rows, spaced 76 cm apart, at a rate of 370,650 untreated seeds ha −1 . Planted plot dimensions at all locations were 3.1 m wide by 4.6 m long. Plant populations were recorded for all plots at the V1 (first trifoliolate) and R8 (95% pod maturity) stages, as defined by Fehr and Caviness (1977) . The center two rows of each plot were mechanically harvested a few days after R8. Grain weight and moisture data were collected simultaneously at harvest so that seed yield could be expressed on a 130 g kg −1 seed moisture content basis. Grain subsamples (approximately 500 g) were collected from each plot for seed protein and oil concentration analysis. Seed protein and oil contents were determined using a Perten DA 7200 Feed Analyzer (Perten Instruments, Stockholm, Sweden). Seed mass (100-seed weight) was estimated by weighing a grain sample collected from each harvested plot.
Yield, seed mass, and seed protein and oil data were subjected to a mixed-effect regression analysis using the PROC MIXED procedure in SAS Version 9.2 (SAS Institute Inc., Cary, NC). Models were constructed for maturity groups separately. The main effects of planting date, cultivar year of release, and the planting date × year of release interaction were treated as fixed effects. Environment and cultivar, along with the planting date × environment, planting date × cultivar, and planting date × environment × cultivar interactions were considered to be random effects. Cultivar was assigned as a random
MATERIALS AND METHODS
Research was conducted in 2010 and 2011 at Arlington, WI, Urbana, IL, and Lafayette, IN. Location-specific information and soil characteristics for the three sites can be found in Table  1 . In both years, soybean followed corn [Zea mays (L.)] harvested for grain at the Illinois and Indiana locations, whereas soybean followed corn harvested for silage at the Wisconsin location. All locations were fall-chiseled, and prepared in the spring with field cultivation (Wisconsin, Indiana) or mulch tillage (Illinois). Fertility and pest management at each location was performed according to local university management recommendations. At each location, cultivars were seeded at two planting dates, with 1 May and 1 June as the desired target dates. The 1 May planting date (early) was selected to represent planting dates growers currently use, whereas the 1 June (late) planting was selected to represent planting dates more commonly used in the past (USDA-NASS, 2011). In both years, weather and soil moisture conditions resulted in planting occurring later than the target dates, though a 25-to 32-d differential in planting date was still achieved (Table 1) .
At the Wisconsin location, 59 MG II soybean cultivars released over eight decades, from 1928 to 2008 were planted, whereas at the Illinois and Indiana locations, 57 MG III soybean cultivars released from 1923 to 2007 were planted. The cultivars used in the experiment, along with plant introduction number and pedigree information, are provided in Table  2 . Each cultivar used in the experiment was unique, novel, or widely grown during the time period of introduction. Cultivars included plant introductions grown about 80 yr ago, along with public and proprietary cultivars derived from further cycles of selection and breeding since then. Seed used for the experiment came from public and private seed sources, with seed increases of all cultivars occurring during the 2009 and 2010 growing seasons. Seed of the MG II cultivars was increased at the University of Nebraska-Lincoln (Lincoln, NE); whereas seed of the ii n/a n/a † cultivars replicated within location. ‡ n/a, not applicable. 
RESULTS AND DISCUSSION Environment
Except for the month of July, average air temperatures were lower in 2011 than in 2010 at all locations (Table 3) . At the Wisconsin location, 2010 could be characterized as an above-average rainfall year, whereas 2011 was a year with very low mid-season ( July-August) rainfall and less than normal early-and late-season rainfall. In Wisconsin, the combination of above-average temperature and precipitation in 2010 led to record state soybean yields. At the Illinois and Indiana locations, early-season precipitation (April-May) was greater in 2011 than in 2010. Mid-season ( July-August) precipitation at both Illinois and Indiana was well below the 30-yr average for both years, with drier conditions prevailing in 2011 than in 2010. Excess soil moisture was the most important factor resulting in actual planting dates not matching the targeted dates.
yield A comparison of mixed-effect regression models indicated that a linear mixed model provided the most appropriate fit to the observed trends in yield over year of release. Previous studies evaluating genetic yield gain in soybean have regressed yields either linearly (Boerma, 1979; De Bruin and Pedersen, 2008b; Specht and Williams, 1984; Wilcox, 2001) or quadratically (Voldeng et al., 1997) over year of release. Specht and Williams (1984) used multiple linear regressions within a maturity group to represent genetic gain over shorter periods of time while assessing the influence of different breeding methods on genetic gain. There was not sufficient evidence in the present study of curvilinearity in the change in yield over time, so a linear model was fitted to the yield data for each planting date. Within maturity groups, more recently released cultivars exhibited higher yields (P < 0.001) than earlier released cultivars (Fig. 1) . Simple correlation coefficients for yield and cultivar year of release ranged from 0.62 to 0.72 (Table 4) . For MG II (Fig. 1a) , there was no evidence of an interaction between planting date and cultivar year of release (P > 0.05). The rate of gain for soybean yield over time was 18.5 (± 1.57) kg ha −1 yr −1
. One possible explanation for the lack of an interaction between planting date and cultivar year of release in Wisconsin was that in both 2010 and 2011, record and above-average state soybean yields were documented.
For MG III (Fig. 1b) , cultivar yield was influenced by planting date (P < 0.05); on average, cultivars planted in May provided superior yields. For the June planting, the rate of gain was 19.6 (± 1.74) kg ha −1 yr −1
, whereas it was increased +3.10 (± 1.41) kg ha −1 yr −1 for the May planting. A 3.10 kg ha −1 yr −1 greater rate of annual yield gain in cultivars planted in May vs. June indicates that newer cultivars responded more positively to earlier planting than cultivars released in earlier years. The synergistic interaction between planting date and year of release, along with significantly higher yields in May-planted soybean, provide evidence that trends toward earlier planting over time have contributed to soybean yield improvement and support the hypothesis that earlier planting over time by soybean growers in the midwestern United States has impacted on-farm yield gain in MG III soybean. Furthermore, the greater yield levels obtained with May planting in this study confirm recent planting date recommendations in the midwestern United States, with maximization of yields realized when using early-May planting dates (De Bruin and Pedersen, 2008a; Robinson et al., 2009; Specht, 2010) . The MG III cultivars exhibited a greater positive mean yield response to earlier planting when compared to MG II cultivars. Although the number of days between the May and June planting dates was similar (~30 d) at the MG III sites vs. the MG II sites, the difference between the targeted and actual June planting dates was, on average, about 8.5 d later for the MG III sites vs. only 2.5 d for the MG II sites. The 6-d greater delay in June planting at the MG III sites was an artifact of our May planting date establishment issues at these locations. The additional delay at MG III sites may have lessened the yield levels obtained with June plantings, though yields in delayed May plantings at the same sites may also have been lessened, influencing the response to planting date. In any case, these data show that earlier planting is more imperative for MG III than MG II cultivars, as later planting appears to limit the expression of genetic yield potential and reduce yield to a greater degree in MG III cultivars. The magnitude of yield response to early planting is very location and year specific (De Bruin and Pedersen, 2008a) , and the environmental differences across locations and years in this study may not only underlie mean yield differences between the maturity groups but also yield response to planting date between maturity groups.
Plant populations at establishment (V1) and harvest (R8) for the two planting dates were not statistically different from one another for both maturity groups and did not impact harvested yields (data not shown). The similarities in plant populations indicated that stand establishment was not compromised with early planting into cooler, wetter soils with untreated seed. Comparable results were reported by De Bruin and Pedersen (2008a) , who also found no decrease in harvest plant populations ** Significant at the 0.01 probability level. *** Significant at the <0.001 probability level.
with earlier planting, though a study conducted 20 yr ago by Oplinger and Philbrook (1992) found that plant populations decreased with earlier planting.
Seed Mass
Mean seed mass was higher in MG II than MG III cultivars. There was no evidence of an effect of planting date or cultivar year of release on seed mass (i.e., 100-seed weight) for the MG II cultivars (Fig. 2a) . However, there was an effect of cultivar year of release (P < 0.05) on seed mass for MG III cultivars (Fig. 2b) , as seed mass increased 0.017 (± 0.008) g yr -1
. Specht and Williams (1984) found an annual increase in 100-seed mass of 0.10 g yr −1 across all maturity groups (MG 00-IV) studied, although regression slopes for seed mass over year of release were not significantly different from zero in MG II and MG III soybean. Previous studies have shown that no consistent relationship between seed mass and cultivar year of release exists (Boerma, 1979; Morrison et al., 2000; Voldeng et al., 1997) . Morrison et al. (2000) reported that breeders have improved yield over time by increasing the number of seeds per plant, not by increasing seed mass. In the present study, seed mass response did not differ appreciably by planting date, with similar seed mass recorded in both May and June planting for MG II and MG III cultivars. These results are in agreement with previous research suggesting that delayed planting date has little or no effect on soybean seed mass (Pedersen and Lauer, 2004; Wilcox and Frankenberger, 1987) , although other studies have exhibited both increased (Bastidas et al., 2008) and decreased (Anderson and Vasilas, 1985; Elmore, 1990) seed mass with delayed planting. The conflicting results of the effect of planting date on soybean seed mass can likely be attributed to the variability of seed mass among cultivars and maturity groups (Robinson et al., 2009; Specht and Williams, 1984; Voldeng et al., 1997) and the influence of location-specific environmental conditions during the mid-to late seed fill period on seed mass (Ball et al., 2000; De Bruin and Pedersen, 2008a; Elmore, 1990) . Both of these factors were observed in this study.
Seed Protein and Oil
Seed protein concentration decreased (P < 0.05) linearly over cultivar year of release for both MG II and MG III (Fig. 3) . For MG II (Fig. 3a) , the rate of decrease was 0.191 (± 0.069) g kg −1 yr −1 and for MG III (Fig. 3b. ) it was 0.242 (± 0.063) g kg −1 yr −1
. The annual decline in seed protein concentration coincided with an improvement in seed oil concentration within maturity groups. Seed oil concentration in our study increased (P < 0.01) over cultivar year of release (Fig. 4) . Within MG II (Fig. 4a) , the rate of increase was 0.142 (± 0.037) g kg −1 yr −1 , whereas it was 0.127 (± 0.039) g kg −1 yr −1 in MG III (Fig. 4b) . Trends in decreasing seed protein and increasing seed oil concentrations over time have been previously noted using a very small subset of MG II cultivars; however, no patterns in MG III protein and oil concentrations over time were documented in the same study (Wilcox et al., 1979) . Subsequent evaluation of high-yielding, elite soybean lines from the Uniform Soybean Test produced no consistent trends over time in seed protein and oil concentrations among the MG II and MG III cultivars examined (Wilcox, 2001) . Although patterns in seed protein and oil content over time have been unclear, the changes in soybean seed protein and oil over time across maturity groups in the current study agree favorably with the well-documented relationship of seed protein and oil concentration being negatively correlated (Hartwig and Kilen, 1991; Hymowitz et al., 1972; Panthee et al., 2005; Sebern and Lambert, 1984; Watanabe and Nagasawa, 1990; Wilcox and Guodong, 1997; Wilson, 2004; Yaklich et al., 2002) . Simple correlation coefficients ranged from -0.76 to -0.78 for seed protein and seed oil concentration in the present study (Table 4) .
Within MG II, seed protein concentration was higher (P < 0.05) in June-than in May-planted soybean (Fig.  3) , whereas seed protein concentration in MG III was unaffected by planting date. There was no evidence of an effect of planting date on seed oil concentration (Fig. 4) . These results are in partial agreement with literature that has shown lower seed protein and higher seed oil concentrations with earlier planting (Heatherly and Elmore, 2004; Kane et al., 1997; Pendleton and Hartwig, 1973; Robinson et al., 2009) . Delayed planting has occasionally produced no definitive response in the seed constituents of protein and oil in MG II (Pedersen and Lauer, 2003) and MG III (Bastidas et al., 2008) soybean. Seed oil and protein concentrations are primarily dictated by genetic factors such as cultivar selection and maturity group (Kane et al., 1997; Yaklich et al., 2002) , and environmental factors such as temperature (Robinson et al., 2009 ) and moisture availability (Dornbos and Mullen, 1992) during the reproductive phases of growth, particularly R5 to R6. It is likely that genotypic and environmental variability are the principal drivers behind the occasional absence of response to delayed planting observed in other research.
In the current study, the ratio of the slopes suggested that for each 1-unit increase in seed oil content there was a 1.35-unit decrease (MG II) or a 1.91-unit decrease (MG III) in seed protein content. These values agree favorably with published literature. Specht et al. (1999) established that in most cases, a 1-unit increase in oil content is accompanied by a 2-unit decrease in protein content across soybean maturity groups. A 1:1 relationship was documented in shorter-maturing Canadian cultivars (Voldeng et al., 1997) , a ratio substantially more balanced than the 1:2 ratio noted by Specht et al. (1999) and our observed ratios. From the observed trends in seed protein and oil across MG II and MG III soybean, we speculate that breeders have unintentionally reduced seed protein concentration over time while focusing on the principal selection criterion, greater yield. It has been suggested that the increase in seed oil concentration and decrease in seed protein concentration over time are due to the positive and negative correlation of seed protein and oil with yield, respectively (Hartwig and Kilen, 1991; Wilcox and Guodong, 1997) .
CONCLUSIONS
Soybean breeders have effectively increased yield by continuing to release higher yielding cultivars over time. Earlier planting provided higher yields (+3.1 kg ha −1 yr −1 ) than late planting for MG III soybean. The apparent synergistic interaction between earlier planting and cultivar year of release suggested that yields of more recently released cultivars respond more positively to the practice of earlier planting in MG III environments. We conclude that trends toward earlier planting in the midwestern United States, combined with genetic yield gain, have contributed to on-farm yield improvement in MG III soybean. Within maturity groups, mean seed mass levels were similar at early and late plantings and were resistant to change over time. Breeding efforts within maturity groups increased seed oil concentration and decreased seed protein concentration. We suspect that the changes in soybean seed protein and oil are primarily a by-product of breeders selecting for yield and not necessarily for seed protein and oil.
Considering the greater yield response of newer cultivars to early planting, it may be beneficial for breeders to employ strategies in their breeding programs to exploit this synergistic interaction. Incorporating early planting trials into breeding nurseries may provide soybean breeders with the opportunity to make valuable progress that would otherwise go unnoticed in breeding settings where later planting to avoid spring frost, among other environmental uncertainties, is a standard practice. Other synergistic agronomic × genetic yield gain interactions conceivably exist. Successfully identifying and exploiting these synergies may provide soybean breeders and agronomists with tools that can facilitate greater yield improvement.
